ABSTRACT A protein that resembles vertebrate calmodulins and troponin C has been isolated from Chlamydomonas flagella by using a calmodulin purification protocol that included calcium-dependent affinity-based adsorption chromatography on phenothiazine-Sepharose conjugates. The flagellar protein resembled calmodulin in elution from reverse-phase columns, had a peptide map similar to that of calmodulin, and competed with vertebrate calmodulin in a radioimmunoassay using antisera against vertebrate calmodulin. However, this flagellar protein did not activate phosphodiesterase, lacked N'-trimethyllysine, and had an isoelectric point approximately 0.3 pH unit higher than that of vertebrate calmodulin. When analyzed by polyacrylamide gel electrophoresis under various conditions, the Chiamydomonas protein migrated between vertebrate calmodulins and rabbit skeletal muscle troponin C and did not manifest a large calcium-dependent mobility shift. This calmodulin-like protein was identified as one of the approximately 200 35S-labeled components in Chlamydomonas flagella resolved by two-dimensional gel electrophoresis. These studies indicate that calmodulin and a structurally and functionally homologous protein are present in the same cell. These studies also demonstrate that caution is necessary: (i) in identifying a protein as a calmodulin, (ii) in using phenothiazines or antisera directed against vertebrate calmodulins as specific probes for calmodulin, and (Mi) in the interpretation of experiments on biological systems in which calmodulin is substituted for the homologous calmodulin-like protein.
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Calcium has been implicated in the regulation of metabolic and mechanochemical processes in a number of biological systems (for a review, see ref. 1) . Thermodynamic, kinetic, and crystallographic data strongly suggest that the targets of calcium acting as a biological signal transducer in the cytoplasm are calcium-modulated proteins (2) . Two examples of this class of calcium-binding proteins are troponin C and calmodulin (3) (4) (5) (6) . The most extensively studied calcium-dependent mechanochemical system is vertebrate striated muscle and its regulation by troponin C (7). Other mechanochemical systems in which calcium regulation has been implicated are eukaryotic cilia and flagella (8) (9) (10) . However, in these structures the molecular targets of calcium have not been described.
In Chlamydomonas reinhardtll the effect of calcium on flagellar movement has been observed in isolated flagellar apparatus and in whole cells subjected to photostimulation (11, 12) . Both studies indicated that above a calcium concentration of 1 MM, swimming changes from a forward to a backward motion. Besides the physiological dependence of motility on calcium, use of C. reinhardtll provides some unique advantages for the study of regulation of flagellar motility by calcium. Polypeptide components can be labeled to a high specific activity by growth in a medium containing [3aSisulfuric acid (13) .
This allows for the reproducible resolution of complex mixtures of flagellar polypeptides by two-dimensional gel electrophoresis (13) . In addition, procedures for the isolation of motility mutants have been described (14) . The combined use of mutant analysis, differential extraction, two-dimensional polyacrylamide gel analysis, and electron microscopic analysis has resulted in the identification of several axonemal polypeptides as components of different flagellar substructures (13, 15, 16) . Recently, an actin-like protein has been isolated from Chlamydomonas flagella and shown to be one of the polypeptides assembled in the axoneme (17) . The isolation of calcium-modulated proteins from C. reinhardtll flagella and the correlation of these proteins with specific sets of flagellar components analyzed by twodimensional gel electrophoresis would enhance our knowledge of flagellar substructures and provide a firm basis for future studies of calcium regulation.
We describe here the isolation of a protein from Chlamydomonas flagella that resembles calmodulin and troponin C. "Calmodulin" is the name proposed (4) for a brain phosphodiesterase activator protein. This activator protein has been shown (5, 18) to be indistinguishable from the unique chemical structure termed "modulator protein" (5, 6) . Bovine brain calmodulin is a multifunctional, calcium-modulated protein that has a calculated molecular mass of 16,680 g/mol and is structurally homologous to troponin C (6) . As previously discussed (5, 6, 19, 20) , calcium-modulated proteins have extremely.similar physical, chemical, and sometimes functional properties. The flagellar protein described in this report clearly possesses many of the characteristic properties of this class of proteins, especially those features previously thought to be unique features of calmodulin (3, 4) . However, the flagellar protein does not appear to be a calmodulin.
MATERIALS AND METHODS
Culture of cells, labeling with [a5S]sulfuric acid, preparation of flagella, and two-dimensional electrophoresis of polypeptides were performed as described (15, 16) . Silver staining of unlabeled flagellar polypeptides in two-dimensional gels was as described elsewhere (21) . Calmodulin was isolated from bovine brain and chicken gizzard by using described procedures (20) and' phenothiazine-Sepharose [2-chloro-10-(3-aminopropyl)phenothiazine-Sepharose] chromatography (22) . Parvalbumin and S100b were generous gifts of R. Kretsinger The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
30 min. The supernatant fraction was prepared for chromatography on phenothiazine-Sepharose conjugates as described (22) .
Troponin was isolated from rabbit skeletal muscle by the procedure of Ebashi et al. (23) , and troponin C was subsequently purified by the method of Greaser and Gergely (24) . Trypsin digestions were performed in the presence of EGTA as described (20) . Column peptide maps of trypsin digests were obtained on a Whatman Partisil M9 ODS-2 column (9.4 X 250 mm) with a modified (25) and protein analyses were done as described (20, 22) . Fluorography was done according to the procedure of Bonner and Laskey (26) . Polyacrylamide gel electrophoresis in the presence and absence of sodium dodecyl sulfate was performed essentially as described (20, 22) ; details are given where appropriate in the text. Phosphodiesterase was prepared and activator assays were done as described (25) . Antibody against calmodulin was prepared and radioimmunoassays were performed as described elsewhere (27) . RESULTS When a Chlamydomonas flagellar preparation was fractionated according to a protocol for the purification of calmodulin, the elution profile shown in Fig. 1 was obtained at the phenothiazine-Sepharose chromatography step. The flagellar preparation was applied to a phenothiazine-Sepharose column in the presence of calcium, and a polypeptide was step-eluted with buffer containing EGTA instead of calcium. Bovine brain calmodulin, chicken gizzard calmodulin, and spinach leaf calmodulin were eluted under identical conditions from the same column.
The flagellar polypeptide that was step-eluted from phenothiazine-Sepharose with EGTA was analyzed by polyacrylamide gel electrophoresis. In the presence ( Fig. 2A) It has been reported (22, (28) (29) (30) that the mobility of calmodulin during sodium dodecyl sulfate/polyacrylamide gel electrophoresis is altered by the presence of calcium or chelator in the sample. Burgess et al. (28) have reported that other proteins in the same family of calcium-modulated proteins, such as troponin C, parvalbumin, and S-100b, do not undergo this large mobility shift. We have routinely observed a slight mobility shift in troponin C in the gel system shown in Fig. 2 but it is not nearly as large as that observed with calmodulin (Fig.  2) . The 35S-labeled flagellar protein (Fig. 2 C and D, lane 1) showed a slight calcium-dependent mobility shift in the presence of sodium dodecyl sulfate. The mobility shift of the flagellar protein was not as great as that of the chicken gizzard and bovine brain calmodulins (Fig. 2 C and D, lanes 2 and 4) but was slightly greater than that seen with rabbit skeletal muscle troponin C (Fig. 2 C and D, lane 3) Because isolated flagella are the starting material in the purifications described above, severe restrictions are placed on the total amount of protein that can be purified from a single flagella preparation. Therefore, flagella preparations were accumulated over several weeks, stored at -200C, and then subjected to the purification protocol used for the high-specific activity/low-protein preparations described above. The purified protein was: (W) analyzed by polyacrylamide gel electrophoresis, (ii) tested for phosphodiesterase activator activity, (mi) tested for calmodulin immunoreactivity, and (iv) analyzed for the presence of NE-trimethyllysine.
As summarized below, the larger-scale preparation yielded the same protein and allowed a further demonstration of the similarities and dissimilarities between calmodulin (v) , and SlOOb (X) were mixed with anticalmodulin antiserum (1:30 dilution) and incubated overnight at 40C. A constant amount of 12I-labeled bovine brain calmodulin (1 ng; 50,000 cpm) was added to each assay tube, and the mixture was incubated overnight at 40C and processed as summarized in the text. The degree of competition is expressed as a percentage of the cpm bound in the absence of competing antigen. The percentage of the cpm bound in the absence of antiserum was always less than 5%. SEM for all points was less than 5%.
35S-labeled protein (data not shown). Second, as shown in Fig.   4A , the flagellar protein did not stimulate bovine brain phosphodiesterase under the conditions used. Third, the flagellar protein quantitatively competed with bovine brain calmodulin in radioimmunoassay (Fig. 4B) . All vertebrate and plant calmodulins tested showed competition curves indistinguishable from that of bovine brain calmodulin curve (data not shown), but other structurally and functionally related proteins such as parvalbumin and SlOOb did not compete. Skeletal muscle troponin C competed only at relatively high protein concentrations. This level of competition may be due to: (i) the high degree of structural similarity between calmodulin and troponin C (6), of (ii) a minor calmodulin contamination in the troponin C preparation analogous to that found in parvalbumin preparations (31) . Fourth, no NI-trimethyllysine was detected in an acid-hydrolyzed aliquot of the flagellar protein (data not shown).
A two-dimensional map of 3sS-labeled flagellar polypeptides contained more than 200 components in the molecular weight 
